Introduction
Recent investigations undertaken in central and southern Europe indicated that the most important factor in determining weed species composition in arable fields was the type of crop [1] [2] [3] . Primarily, the different timing of soil cultivation and sowing related to crop species determined the growth of different weed communities [4] . The most obvious distinctions are between the weed vegetation of cereal and root crop fields, and their communities are may be characterised by different aspects (i.e. seasonal variants of the same association), different associations or different higher syntaxonomical units [5, 6] . Thus, investigations determining the effects of environmental factors on weed species composition in arable fields has focused on comparing the seasonal variation of weed vegetation in cereal crop fields and root crop fields. Similar studies however dealing with the same crop type within an entire vegetation period are missing. Accordingly, for this purpose the investigation of weed vegetation of cereal fields and their stubbles would offer favourable opportunities.
Cereal fields are usually disturbed only at the beginning of the season and then after harvesting the crop. If cereal fields remained unploughed during the summer and autumn months, stubbles provide the longest undisturbed periods for the development of annual weed vegetation in arable systems [4] . Intensive agricultural management, mainly with the use of chemicals and early ploughing of stubbles, has largely impoverished the weed diversity of cereal ecosystems. Low-input systems however can possess great conservational values and it is within these habitats that the relationship between weed vegetation and environmental factors can still be studied [1, [7] [8] [9] [10] [11] .
Traditional comparative methods showed that in western Hungary, the most important factor in the separation of weed communities was the fluctuating proportions of winter and summer annuals throughout the year [9] . It refers mainly to the distinct species inventories of cereal, root crop and stubble fields, which can be considered as summer and autumn associations or aspects. The aims of this study were to asses and rank the environmental factors determining the weed species composition in cereal and stubble fields from low-input agricultural systems in western Hungary.
Experimental Procedures

Study area
Western Hungary consists of four main geographic areas, the Lesser Plain of north-western Hungary, the Transdanubian Mountain range, the West-Hungarian margin territory and the hilly region of southern Transdanubia. The latter is divided into the Somogy and Baranya-Tolna regions (Figure 1 ). The altitude of western Hungary ranges between 100 and 880 m, and the total land area is 31100 km 2 . Because of the presence of plains, hilly lands and mid-mountains, the landscape is very heterogenic. While the overall climate is continental, western regions show Subatlantic effects, while the southern parts and the southern slopes of the mid-mountains show Submediterranean effects. In the driest regions the mean annual precipitation is below 600 mm, while in the most humid western regions it is about 800-900 mm. The mean monthly temperatures at the coldest sites are approximately -4ºC in January and 17ºC in July, whilst the warmest sites are 0ºC and 22.5ºC, respectively. In addition to varied climates, a range of bedrocks and soil types, associated with the diverse geographical forms can be found, with acid, neutral or basic pH [12] . The extent of habitats that are close to being natural is low, the major part of the surveyed area being characterised by large-scale arable fields. Extensively managed small-scale fields can be found adjacent to some settlements, but they are rapidly declining in number due to intensification, abandonment and building development.
Data collection
This work surveyed the weed vegetation on extensively managed arable fields in western Hungary, based on 1698 phytosociological relevés collected between 1995 and 2005. From these data set altogether 184 relevés (112 from cereal and 72 from stubble fields) were selected, for which during the fieldwork soil samples were also collected. These plots were uniformly distributed among the surveyed area. The size of individual plots was 50 m 2 , and the plots were placed in 1 x 50 m or 2 x 25 m stripes in edges of cereal fields, but in the case of stubbles they were usually placed in the interiors of fields and in square shape. While cereals were surveyed between the middle of May and the middle of June, stubbles were studied between the middle of August and the end of September. Phytosociological samples were set up according to the method of BraunBlanquet [13] . In the investigated fields the crop species were Triticum aestivum, Hordeum vulgare, Hordeum distichon, Triticale rimpaui, Avena sativa, Secale cereale. The main features of the extensive cropping in these fields included high cereal proportion in the crop rotation, low sowing density, limited fertiliser application, no pesticide usage and late stubble ploughing. For several fields however, it was not possible to locate the landowners in order to determine the cropping practices used. Accordingly, detailed information on cropping practices could not be included in the analysis. Detailed of phytosociological data including the abundances and fidelity of species, their geographical distribution, and life form spectras has previously been described [9] .
For each plot, a list of environmental variables was complied, including altitude (measured by a GPS receiver), mean annual temperature and precipitation [taken from 12] . The pH values of soil samples were measured in distilled water by Fritsch Analaysette 22 Compact. The texture of the soil was determined using the method previously described by Hofmeister and Garve [14] . According to the soil texture, stands were classified into two categories: sand (including also sandy loam) and loam (including also loamy clay). We managed to collect only very few relevés on sandy stubble fields, therefore in the separate analyses of stubbles effect of soil texture was not studied and for increasing homogeneity of the dataset these few plots were excluded from the analysis. The lengths and categories of environmental gradients used in this study are given in Table 1 .
Data analysis
Abundance values measured in Braun-Blanquet scale were transformed to percentages and then Hellinger transformed [15] :
where y ij and y' ij are untransformed and transformed abundance of species j in plot i, respectively. Relationship between environmental factors and composition of weed vegetation were analysed by redundancy analysis (RDA) of the transformed data. RDA was chosen instead of the widely applied canonical correlation analysis (CCA), because Legendre and Gallagher [15] Table 2 . Effects of explanatory variables on weed species composition, identified using the Monte Carlo tests in redundancy analysis (RDA).
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by calculating variance inflation factors (VIF) was assessed. VIF values obtained were slightly higher than 1 indicating that variables are not totally independent, but there are no strong multicollinearity in the dataset that would influence the interpretation of results. Following the methodology of Lososova et al. [16] the effect both gross and net, of each explanatory variable to species composition using Monte-Carlo tests was undertaken. Separate analyses with single environmental variable were done to assess the gross effects. The net effects (effect of particular variable after partialling out the effect of all other variables) were tested by partial-RDA, where all other environmental variables were used as covariates. In all tests the target Type I error rate was set to 5%, the accepted Type II error rate was set to 1% and the maximal number of permutations was 9999. All analyses were taken by the vegan package in the R 2.8.1 programme [17] .
Results
Altogether 309 species were recorded, 248 in cereal and 178 in stubble fields. In Table 1 the VIF values show the correlations between a variable and all the other variables. While these variables were not fully independent from each other, no disturbing correlations were identified. The gross effects of all variables on species composition were highly significant ( Table 2) . Together these variables explained 26.99% of the total variation in species data. Most variation in species composition was explained by the aspect (cereal vs. stubble), followed by soil pH, mean annual precipitation, soil texture, mean annual temperature, and altitude. Separating the cereals and stubbles, the gross effects of all variables on species composition was 23.89% by cereals and 22.02% by stubbles. In these cases, soil pH became the most important factor, followed by mean annual precipitation, soil texture (only by cereals), mean annual temperature, and altitude ( Table 2 ). The net effects of particular explanatory variables on weed species composition, calculated after removing the effects of other variables from the model, were also significant. Variations explained by the first unconstrained ordination axis were 6.26% for Table 3 . Twenty species with the highest fit and at least ten occurrences, and their scores on the first canonical axis in the partial RDA models of cereal versus stubble aspect in total data set specified in Table 2 . all data, 7.14% for cereals and 8.92% for stubbles. Each of the investigated factors had an independent effect on weed species composition. The weed species that most strongly respond to these factors are listed in Table 3 , 4 and 5.
The RDA ordination diagram showed that in the case of cereals, the first axis corresponded to soil pH, while the second axis mainly referred to soil texture and to a lesser extent mean annual precipitation and altitude (Figure 2) . While the first axis explained 12.45% of the total variation in species data, the first and second axis combined Table 4 . Twenty species with the highest fit and at least five occurrences, and their scores on the first canonical axis in the partial RDA models of cereal aspect specified in Table 2 .
accounted for 18.59% of the total variation. From the variation related to the studied environmental variables, the first axis explained 52.11% while the first and second axis together 77.81%. In the case of stubbles, the first axis of RDA ordination diagram also corresponded to soil pH, while the second axis mainly referred to altitude and to a lesser extent mean annual precipitation ( Figure 3 ). The first axis explained 15.64% of the total variation in species data, while the first and second axis accounted for 18.58%. From the variation related to the studied environmental variables, the first axis explained 71% while the first and second axis together 84.36%. Table 5 . Twenty species with the highest fit and at least five occurrences, and their scores on the first canonical axis in the partial RDA models of stubble aspect specified in Table 2 .
Discussion
Explained variation
Variation explained by the studied environmental variables (26.99% for the whole dataset) was significantly higher than similar studies undertaken in the Czech Republic (7.25%) [1] , north-western Balkans (3.96%) [18] and a combined study that examined both the Czech Republic and Slovakia (2.3%) [16] . These differences however may reflect the size of the study areas used. While the study area analysed (31 100 km 2 ) was significantly smaller than in north-western Balkans (255 804 km 2 ) [18] and in combined Czech Republic and Slovakia study (127 902 km 2 ) [16] , it was greater than the study conducted in Czech Republic (11 000 km 2 ) [1] . Other possible reasons for these results may reflect differences in the number of the investigated plots. In this study, 184 plots were surveyed compared to 174, 2426 and 2653 plots in Czech Republic, the combined Czech Republic and Slovakia, and north-western Balkans studies respectively [1, 16, 18] . Thus, these comparisons suggest that besides the size of the study areas and the number of the investigated plots other reasons may also contribute to the differences of explained variation. As herbicides were not used at our investigated plots the effect of abiotic factors to the weed flora composition is probably better detectable. It is also worth mentioning that variation obtained in this study, it is slightly lower than the 34.75% shown by Fried et 
Aspect (seasonal changes)
Our results suggest that the most variation in species composition was explained by the seasonal aspect (Table 2) . Table 3 shows that species associated with cereals (Veronica triphyllos, Anthemis ruthenica, Myosotis stricta, Cerastium glomeratum, Vicia villosa, Arabidopsis thaliana, Scleranthus annuus, Anthemis arvensis, Apera spica-venti and Aphanes arvensis) are obligate or facultative winter annuals. Obligate winter annuals germinate during the autumn, while facultative winter annuals germinate both during the autumn and spring. They grow, flower and ripen their seeds together with cereals during the spring and early summer [20] . Species associated with stubbles (Stachys annua, Anagallis foemina, Fallopia convolvulus, Ajuga chamaepitys, Reseda lutea, Silene noctiflora, Gypsophila muralis and Juncus bufonius) are summer annuals and usually germinate during the spring, then flower, and ripen their seeds during late summer and early autumn [20] . In fact the development of stubblefield weed communities commenced in May, within the lower herb layer under the shelter of the cereal stands. But at this time its species are only usually aggregating in a synusiae on the soil surface; they start to grow only after harvest, in response to the favourable light conditions created by the removal of the dense crops. Late-summer rainfalls are also required for the development of these weed communities [21] .
During the long vegetation period, the cereal weed communities dominated by winter annuals are changed by stubble-field weed communities dominated by summer annuals (Table 3 ). This phenomenon was revealed also by the traditional comparative tabular method of a larger data set [9] . The changing aspects could have the same important effect on the development of weed communities, as observed for different crop types [1] [2] [3] . The greatest importance of changing aspects and of crop types has a similar explanation. Namely, the sowing date and the timing of soil cultivation related to a crop species can determine whether the accompanying weed flora forms a summer or autumn association. In the Carpathian basin (and also in Central-Europe), in winter cereals the obligate winter annuals can form in April a spring aspect (vernal association), the obligate and facultative winter annuals in late May and in early June a summer aspect (summer association), and from summer annuals in the unploughed stubbles also an autumn aspect (autumn association) can develop in late summer. In spring cereals, the vernal association is destroyed by agro-technical operations, but later summer and stubble aspects can evolve. In maize and root crops mainly from summer annuals, a summer aspect usually grows up [4, 21, 22] . The existence of these three aspects or associations according to seasonal changes and the sowing time of crop in arable fields have also been demonstrated by other studies [3, 23, 24] . The effect of seasonal changes on weed species composition was ranked differently in the Czech Republic. Lososová et al. [16] found it as a second most important factor after altitude, while Cimalová and Lososová [1] ranked it only as a fifth most important factor. The possible cause of this difference is the wider range of altitudes and recorded precipitation at the investigated plots.
Our results are the opposite of the current syntaxonomical systems of arable weed communities and of similar investigations in Central Europe, which attribute the division on the highest level to edaphic and climatic factors e.g. in Germany [25] , in Austria [26] , in the Czech Republic and Slovakia [16, 24, 27] . The greatest role of seasonal changes in the separation of arable weed assemblages, can partly be explained by the geographical location of the study area surveyed by the present work. Namely, western Hungary is situated further south than the above mentioned countries, and it is widely accepted that towards the southern parts of Europe, the species inventories of summer and autumn associations are increasingly separating [28, 29] . Recent investigations in the northwestern Balkan Peninsula [3] and in France [2] support this hypothesis, revealing that the major variations in species composition between arable fields were associated with crop type according to sowing season. These can be explained by climatic causes, because the independence of summer and autumn weed communities due to the longer vegetation period can be more sharply manifested towards southern Europe, than in countries in more northern location. In addition, it is important to emphasise that the present survey focused on habitats with low-input agricultural circumstances, where the effects of intensive agricultural management (which makes the different weed aspects more uniform [30, 31] ) are probably less pronounced. It is worth mentioning that according to the latest survey in northern Europe [32] , the frequency of weed species is also primary governed by the growth period of the associated crops. These results indicate the necessity of a review of present syntaxonomical systems of arable weed communities in Europe, taking into account the regional environmental conditions.
Soil characteristics
The second most important factor was the soil pH; after separating the cereals and stubbles however, soil pH became the most important factor. Clearly, the extensively managed study fields may have significantly contributed to this, as the indicator species of soil reactions that are very susceptible to the intensive agricultural management, can be still abundant in these habitats, while on the other hand, on very calcareous or very acidic soils, farmers more frequently tend to avoid intensification [33, 34] . The weed species that most strongly responded to soil pH factor (e.g. in cereals Papaver rhoeas, Camelina microcarpa on base rich and Gypsophila muralis, Spergula pentandra on acidic soils; while in stubbles Stachys annua, Ajuga chamaepitys on base rich and Hypericum humifusum, Gnaphalium uliginosum on acidic soils) (Tables 4,5) are nowadays only abundant in low-input agricultural regions. As shown in other studies in Central Europe [25, 26, 35] , the pH gradient was found to co-vary with a gradient of annual rainfall, resulting in distinct weed communities of basic soils in drier areas and of acidic soils in precipitation rich areas. This phenomenon could be detected also between the north eastern and south western regions of our study area [9] .
In the case of cereals, the effect of soil texture was also significant, indicating most strongly e.g. by Athemis ruthenica and Apera spica-venti the sandy while by Anthemis arvensis and Lathyrus tuberosus the loamy soils (Table 4) . This corresponds to the edaphic preferences of these species found in the Hungarian literature [36] . In the study area, soil texture and soil pH were manifested in four variations: base-rich loamy, base-rich sandy, acidic loamy and acidic sandy soils. In Central Europe and also in the study area, the role of soil texture appeared only in lower syntaxonomical levels, usually by the descriptions of weed associations [9, 25, 26, 35] . In France according to Fried et al. [2] the third most important gradient was associated with soil pH and soil texture in lesser extent, resulting in highly contrasting weed communities on basic clay soils against those on acidic sandy soils.
Climatic conditions and altitude
Mean annual precipitation and mean annual temperature was the third and fifth most important factor in the study area respectively, while altitude was the least ( Table 2 ). The weed species that most strongly responded to mean annual precipitation were e.g. Apera spicaventi, Cerastium glomeratum with high and Anthemis ruthenica, Camelina microcarpa with low precipitation in cereals, while Setaria pumila, Oxalis dillenii with high and Setaria viridis, Reseda lutea with low precipitation in stubbles (Tables 4,5 ). This ecological behaviour is usually in accordance with the phytosociological behaviour of these species [9] . Similar investigations in the Czech Republic also found that the altitude and relating climatic factors are the most important variable [16] , while Cimalová and Lososová [1] revealed that on a regional scale, the relative importance of different crop types and their associated management on changes in arable weed composition is higher than the relative importance of climatic variables. The relative importance of climatic variables decreased with decreasing lengths of their gradients. In our study area, the lengths of altitude gradient was very low (range between 100 m and 400 m), and accordingly the related climatic effects was not as strong as that reported by Lososová et al. [16] , where altitude varied between approximately 100 m and 1100 m.
